Abstract -We present the first measurement results of a highly scaled, 90-nm silicon-germanium heterojunction bipolar transistor (SiGe HBT) operating at cryogenic temperatures as low as 70 mK. The SiGe HBT exhibits a transistor-like behavior down to 70 mK, but below 40 K, the transconductance suggests the presence of nonequilibrium transport mechanisms. Despite the non-ideal base current at cryogenic temperatures, a dc current gain (β) > 1 is achieved for I C > 1 nA, suggesting that ultralow-power low-noise amplifiers should be viable. Exposure of the SiGe HBT to strong magnetic fields (±14 T) is also presented to help understand the nature of the non-ideal current.
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I. INTRODUCTION

S
iGe HBTs have long been recognized as a viable candidate for cryogenic temperature applications [1] - [4] . When cooled, SiGe HBTs naturally exhibit improved frequency response ( f T and f max ), current gain, noise, bandwidth, and output conductance. Additionally, the compatibility with Si CMOS enables highly-integrated solutions to satisfy a wide variety of applications [5] - [12] .
An emerging field with interesting application opportunities for cryogenically-operated SiGe HBTs is quantum computing. Traditionally, qubit information is read out and sent through cables to room temperature electronics for amplification and processing. Due to the low signal-to-noise ratio (SNR), low bandwidth, and size inefficiency associated with this method, there are growing efforts to amplify readout signals at cryogenic temperatures with integrated electronics before sending it to room temperature [13] . Such electronics need to be operable at cryogenic temperatures and provide a large gain in order to boost the signal power and lower the SNR. In addition, it should have minimal noise (1/f and broadband) and low power consumption (to avoid heating up and disturbing the qubits). Previously, CMOS devices, HEMTs, and MESFETs have been successfully demonstrated for such cryogenic preamplification tasks [14] - [18] . SiGe HBTs, however, are largely absent from this picture despite its known outstanding cryogenic capabilities. Recently, Sandia demonstrated a 10-100 times increase of SNR in qubit readout by using an off-the-shelf SiGe HBT for cryogenic preamplification [19] . The SiGe HBT in [19] is a discrete component from an early-generation SiGe technology with a room temperature f max of 110 GHz. In comparison, current generation SiGe HBTs offer a much higher f max under similar biasing conditions (as high as 500GHz at 300K, and 800GHz at 4.3K ) [20] , [21] . Besides a potentially higher speed for qubit readout and a higher achievable SNR due to higher gain, the newer devices can be operated at much lower bias currents (i.e., lower power) to achieve the same performance of the older devices, thanks to its overall higher f T and f max . Such flexibility for trading performance for power offers many advantages for cryogenic circuit design. Therefore, it is highly relevant to conduct the characterization of latest SiGe HBTs at mK temperatures.
This letter presented the measurement data of a commercial fourth-generation SiGe BiCMOS technology [22] . Device measurements were performed from an ambient temperature of 300 K down to 70 mK. In addition, a magnetic field of ±14 T was used to investigate non-ideal transport phenomenon. These are the first sub-100 mK cryogenic characterization results on a 4 th generation SiGe HBT, and the first time such a SiGe HBT is exposed to high magnetic field.
II. DEVICE TECHNOLOGY AND MEASUREMENT SETUP
The SiGe HBT investigated in this work is from the GlobalFoundries' fourth-generation, 90-nm SiGe BiCMOS technology (GF 9HP), with a BV C E O of 1.7 V and f T / f max of 300/360 GHz at 300 K. The devices measured have an emitter geometry of 0.1 × 4.0μm 2 [22] .
Cryogenic measurements were made using a Quantum Design Physical Property Measurement System (PPMS) DynaCool ® system with a dilution refrigerator (DR) insert, and an Agilent 4156C Semiconductor Parameter Analyzer. Test samples were die-attached on custom gold packages using indium solder to ensure good thermal conductivity. Electrical connections between the die and package were made by gold wirebonds of 25.4 μm diameter. The package is placed in the DR and all electrical connections inside the PPMS system are provided via low-loss superconducting aluminum twisted 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. pairs. No cryogenic filtering was applied. Outside the system, the connections were adapted to triaxial cabling to minimize residual noise into the Agilent 4156C. During operation, the DR insert was placed in the bore of a 14 T superconducting cryomagnet and cooled to a base temperature of 50 mK. The package temperature was constantly monitored to ensure minimal temperature fluctuations across all measurements. Due to the limited cooling power of the DR (0.25 μW at 100 mK), all measurements at 4 K and below were limited to a maximum collector current of 1 μA in order to maintain a stable DUT temperature. The only exception was to obtain a glimpse of the high-current operation at 70 mK and 100 mK, where an aggressive dc sweep was performed up to 0.1 mA collector current. This causes a transient temperature rise up to 50 mK above ambient (the ambient temperature begins rapidly changing at currents > 1μA). Higher current sweeps were avoided because the rapid heating can potentially damage the measurement system.
III. RESULTS
In order to characterize the device across temperature, the Gummel characteristics were measured from 300 K to 70 mK, as shown in Fig. 1 . A zoomed-in view (i.e., V B E = 0.85 V to 1.02 V) at 100 mK is provided in Fig. 2(a) . There are two observable non-idealities which are of interest. First, Fig. 1 illustrates classical temperature scaling down to 16.7 K, but below 16.7 K, and all the way down to 70 mK, the curves (both I C and I B ) essentially overlap, even though the difference in reciprocal temperature is enormous (1000/T = 60 at 16.7 K vs. 1000/T = 14,286 at 70 mK). Second, the 16.7 K and 70 mK Gummel data from Fig. 1 and the 100 mK Gummel in Fig. 2(a) both show that the slope of the base current deviates from an ideal drift-diffusion 1/kT slope. In addition, two unusual sharp transitions or "steps" (denoted "lower step" and "upper step") in the base current can be observed. A total of 4 samples were measured but only one is shown in the letter due to similarity. To quantitatively examine the first non-ideality, the transconductance (g m ) and current gain (β) were plotted versus reciprocal temperature in Fig. 3 . Drift-diffusion theory dictates a linear 1/T dependence for log(g m ), as shown in Fig. 3 from 300 K to 40 K. Below 40 K, however, g m flattens, indicating the slope of the collector is no longer steepening, possibly due to the quasi-ballistic transport through the neutral base and a higher effective electron temperature [23] . Similarly, the current gain flattens below 40 K. This is consistent with the lack of temperature scaling between 16.7 K and 70 mK seen in Fig. 1 . As the reduction in temperature scaling is observed frequently, this characteristic can be considered a common feature of cryogenicallly-operated SiGe HBTs [23] - [25] .
To investigate the base current non-ideality, a tunable static magnetic field (−14 T to +14 T) was applied the device at 100 mK. The reason for applying a magnetic field is twofold. First, the temperature-independent Gummel characteristics imply that the transport mechanism should not have a strong temperature dependence. One possible mechanism which is consistent with this hypothesis is high-field tunneling in the emitter-base junction. Second, the sharp transition or step in current resembles the characteristic curve of electrons tunneling through a discrete energy level under an electric field [26] . According to the Zeeman effect, a degenerate energy level will split into two sub-levels under static magnetic field. Therefore, if the transport is initiated by tunneling, and the "steps" are caused by discrete trap levels, an applied magnetic field should affect this transport mechanism and reveal itself in the magnetic field dependent Gummel characteristic.
Thus, a static and uniform magnetic field parallel to the transport direction (i.e., from emitter to collector) was applied to the SiGe HBT. The Gummel characteristics around the "step" region under different magnetic fields are shown in Fig. 2(b) and Fig. 2(c) , for the lower and upper step, respectively. At 14 T, the lower step splits into two steps. As shown in the red curve in Fig. 2(b) , the lower portion of the current shifts to the left while the upper portion of the current shifts to the right, resulting in two discrete steps. This confirms that the tunneling is occurring through a discrete energy level, where the level splits into two non-degenerate levels under an applied magnetic field. At 7 T, the current lies between the 0 and 14 T curves, denoting that the current splitting has a linear dependence on applied magnetic field, which further confirms the presence of the Zeeman effect. Interestingly, the upper step does not show such a splitting, but rather a uniform shift in current under magnetic field. It is likely that when the discrete energy level splits, the upper sub-level is suppressed due to asymmetric transport rates [27] . Therefore, the discrete level essentially has a lower energy. This translates to current conduction at a lower base-emitter voltage, as shown in Fig. 2(c) . This step behavior has not been observed in cryogenic studies of earlier SiGe HBT platforms [8] , [23] ; however, as this step behavior is likely due to a high-field tunneling phenomenon in the emitter-base junction, the effect may be much weaker in less aggressively scaled technologies which naturally have lower doping levels. Alternatively, due to thermal broadening effects, the step behavior may be difficult to resolve and only reveal itself as the rich texture of base current at cryogenic temperatures [24] . Further investigation is needed to identify the dependency of this non-ideality on technology node and process conditions. In any case, all steps observed in this experiment (in all 4 samples) are below a few nA of collector current, and therefore, should have minimal effect on circuit applications.
Because we are ultimately interested in constructing readout circuits from these devices, we also measured the output family (I C vs. V C E ). Since pre-amplification circuits are often implemented as transimpedance amplifiers in quantum computing applications, it is important to verify that the device exhibits high output resistance (i.e., a flat output characteristic) under a constant I B driving mode. Additionally, the stability of device near the "step" region could be a potential concern for circuit design. To assess this, Fig. 4 shows the fixed I B output characteristics at 70 mK and 4 K under four different bias conditions. As shown, the output characteristics are indeed flat at very low base currents. The lowest curve also shows remarkable stability even though the I B falls inside the upper "step" region. In addition, the output characteristics do not show much difference in collector current at the two temperatures. This, again, is welcome news from a circuit design perspective. In addition, the BV C E O (not shown here) for I E = 1μA remained above 1.4 V from 4 K to 70 mK. From the temperature-invariant transconductance, it can be inferred that the device operation below 40 K should show minimal differences. This is clearly desirable from a cryogenic circuit perspective, since circuit designers can set an universal Q-point at 40 K and expect it to remain fixed down to 70 mK, provided self-heating is minimized.
IV. SUMMARY
We have characterized fourth-generation, 90-nm SiGe HBTs from 300 K to 70 mK. Interesting discoveries include temperature-invariant Gummel and non-ideal step effect in the base. Overall, the state-of-the-art SiGe HBTs provides promising operability for emerging deep cryogenic quantum computing applications.
